The global loudness of av arying intensity sound is greater when the intensity increases than when it decreases. This global loudness asymmetry wasfound to be larger for pure tones than for broadband noises. In this study, our aim wastodetermine whether this difference between pure tones and noises is due to the difference in bandwidth between sounds or to the difference in the strength of the sensation of pitch. The loudness asymmetry was measured for broadband and for narrow-band signals that do or do not elicit asensation of pitch. The asymmetry wasg reater for sounds that elicit as ensation of pitch whatevert heir bandwidth. The loudness model for time varying sounds [1] predicted well the asymmetry for the broadband noise that does not elicit asensation of pitch and for am ulti-tonal sound. Fort he other sounds the asymmetry wasg reater than predicted. It is known that loudness and pitch interact. The difference in asymmetry between sounds that elicit pitch and sounds that do not elicit pitch might be due to this interaction.
Introduction
Perceptual differences have been observed between sounds that increase and sounds that decrease in intensity with identical energies and long-term spectra. Rising-intensity sounds are perceivedlonger [2, 3] and as changing more in loudness than falling-intensity sounds [4, 5] . Their global loudness (that is, the overall loudness of the sound overits entire duration)isalso greater than the global loudness of afalling sound. At the point of subjective equality (PSE), a falling 1-kHz pure tone varying over15-dB has arms level that is 4dBhigher than that of its symmetrical rising version [6] .This global loudness difference is usually called loudness asymmetry.V arious studies have attempted to explain and model the global loudness asymmetry [7, 6] . Ponsot et al. [7] showed alarger loudness asymmetry for pure tones than for broadband noises. Neuhoff [5] found the same tendencywhen addressing loudness change. Ponsot et al. [8] showed that the asymmetry in loudness was not due to ad i ff erent weighting of the loudest part of the Received8March 2018 , accepted 5September 2018 signal when presented at the end rather that at the beginning of the signal.
The aim of the present study wastodetermine whether the difference in loudness asymmetry between tones and noises is due to their difference in spectrum width or in pitch strength. Indeed, pure tones elicit strong perception of pitch whereas broadband noises do not elicit any pitch, which may explain the difference in asymmetry.I t is known that the dimensions of loudness and pitch interact with each other (see [9] for example). Fore xample, when listeners have to perform an intensity discrimination task, the reaction time is faster when both stimuli have the same pitch or when pitch and loudness are congruent (high pitch/high loudness, lowp itch/lowl oudness)t han when pitch and loudness are incongruent (high pitch/low loudness, lowpitch/high loudness). Moreover, the judged pitch of rising-intensity sound (with constant frequency) increases and the judged pitch of falling-intensity sound decreases ( [10, 11] ). Thus combining loudness variation (due to intensity variation)and pitch variation (also due to intensity variation)m ay reinforce the difference between rising and falling ramps.
In this study,w ea ttempted to measure the loudness asymmetry for broadband and narrow-band sounds that do
Method
Sevenw omen and nine men took part in the experiment. All listeners had hearing thresholds less than 15 dB HL. Their thresholds were determined using standard puretone audiometry in the frequencyrange between 0.125 and 8kHz (with an AC40 audiometer). The participants were all naïve with respect to the hypotheses under test. They were paid for their participation.
The sounds were played via aR ME UCX Fireface sound-card and were presented diotically through headphones (Sennheiser HDA2 00). Theyw ere sampled at a frequencyo f4 4.1 kHz with 16 bits resolution. The headphones were calibrated using aB rüel and Kjaer Artificial Ear (type 4153)coupled with the mounting plate provided for circumaural headphones with no free-field equalization and aBrüel and Kjaer voltmeter (26209). The experiment took place in adouble-walled soundproof booth.
The levelofthe stimuli varied linearly overits duration between 50 and 65 dB SPL, either increasing in intensity for the rising-intensity ramps or decreasing for the fallingintensity ramps. Four different spectral contents were created in order to obtain ab roadband sound with pitch, a broadband sound without pitch, anarrow-band sound (less than 1c ritical band)w ith pitch and an arrow-band sound without aconstant pitch. The broadband sound with pitch wasafrozen white noise repeated each millisecond, which created ap itch corresponding to af requencyo f1k Hz (RWN). Its spectrum is that of ah armonic complext one with af ondamental frequencyo f1k Hz, random phases and amplitudes (see [12] ). The broadband sound without pitch wasawhite noise (20Hz-20 kHz, WN). The narrowband sound with pitch wasapure tone at 1kHz (PT).Creating anarrow-band sound that does not elicit anypitch is not straightforward. Noise of bandwidth less than one critical band cannot be considered as providing no pitch. The strength of the pitch is weaker than that of ap ure tone, buti te xists and corresponds to the central frequencyo f the noise. Instead of looking for narrow-band noise without pitch, we designed asignal with multiple pitches. The idea wasthat listeners could not concentrate on each pitch and thus would not perceive ag lobal pitch at the end of the sound. The stimulus wasapure tone whose frequency varied overv ariable periods of time. The frequencyw as randomly drawn on an uniform distribution (ont he hertz scale)b etween 920 and 1080 Hz (width of one critical band). Segment durations were chosen randomly between 50 and 150 ms (Figure 1 ).Each segment wasgated on and off (r/f time=2ms),preventing spectral splatter.The segments were not overlapping. Once the frequencya nd the duration of each segment selected, the multi-tonal (MT) sound wasf rozen throughout the experiment. Affirming that MT does not elicit anyp itch would be incorrect. Its pitch changes very quickly,itcan only be said that it does not elicit ag lobal pitch. Thus its pitch strength might be The loudness asymmetries were evaluated by measuring the PSE in loudness between signals with rising and falling ramps. This procedure has already been employed in previous studies ( [6] , [7] )and showed equivalent results to an absolute magnitude estimation task. Atwo-interval, two-alternative forced-choice paradigm (2I-2AFC)b ased on an interleavedadaptive procedure ( [13] , [14] )was used to measure the PSEs. On each trial, the listeners heard two sounds, one with falling and one with rising intensity,separated by 500 ms. Their task wastoindicate which sound wasl ouder by pressing ak ey.T he response initiated the next trial after a1-s delay.The overall levelofone sound wasfi xed( test sound)a ll along the track while the overall levelofthe other varied (comparison sound)depending on the response of the listener to the preceding trial. The minimum and maximum levels of the comparison sound varied, while its dynamic waskept constant at 15 dB, and were adjusted according to as imple up-down procedure [15] . If the listener indicated that the comparison sound wasthe louder one, its maximum level( and thus its minimum level) wasr educed, otherwise it wasi ncreased. At the beginning of at rack the maximum (and minimum) levelo ft he comparison sound was5dB higher or lower than the maximum (and minimum)level of the test sound.
Step-size variation was6dBuntil the second reversal and wasr educed by ar atio of 2a fter every twor eversals and washeld constant after six reversals. Atrack ended when 8reversals were achieved. The levelcorresponding to the matching loudness wasdefined as the average of the maximum levelofthe comparison sound in the last tworeversals of each track. This procedure converges at the level corresponding to the 50% point on the psychometric function [15] .
One block wasc omposed of four interleavedt racks (Figure 2 ).I nonet rack, the pair order wasr ising/falling and the second sound of the pair wasthe comparison stimulus (Figure 2a) , in another track the comparison stimulus waspresented first (Figure 2b) . In twoother tracks the pair order wasf alling/rising and the comparison stimulus was either presented first (Figure 2d Loudness asymmetries between rising and falling ramps. Positive asymmetry indicates that the falling sound was matched higher in levelthan the rising sound in order to be perceivede qually loud, which means that the falling sound would be perceivedsofter than the rising sound of the same level. Error bars correspond to standard deviation. try wascalculated as the difference between the maximum levelo ft he falling sound and the maximum levelo ft he rising sound at PSE( mean of the twov alues obtained in each block). The asymmetry wascalculated for each pair order (rising/falling and falling/rising)a st he average of the asymmetry obtained for the twotracks that differed by the position of the comparison stimulus (1st or 2nd interval).R ising first and falling first are shown separately,a s previous studies have shown an effect of the order of presentation on the asymmetry ( [3] , [7] ). . Post-hoc LSD tests showed no significant difference between WN and MT (p = 0.37) and between PT and RWN( p = 0 . 76). The asymmetry produced by WN wass ignificantly smaller than those produced by RWNa nd PT (p<0 . 001). The asymmetry produced by MT wassignificantly smaller than those produced by RWNa nd PT (p<0 . 001). The results show that the asymmetry is greater for the sounds producing a constant or global pitch (RWN and PT), whatevert heir frequencywidths, than for the white noise.
Results

Discussion
In the experiment reported here, sounds that elicit ac onstant or global pitch sensation produce larger loudness asymmetries than WN and MT,irrespective of bandwidth. It thus seems that pitch had an effect on the size of the loudness asymmetry,while bandwidth did not. To summarize the data, the asymmetries were averaged across pair order.The loudness asymmetry induced by WN (asymmetry=1.36 dB)was smaller than that induced by MT (asymmetry=1.76 dB)w hich wass maller than that induced by RWN(asymmetry=3.56 dB)w hich wassmaller than that induced by PT (asymmetry=3.68 dB).
In order to explain the asymmetries and the differences between RWNa nd PT on the one hand, and WN and MT on the other hand, the loudness model for time varying sounds of Glasberga nd Moore [1] wasu sed to predict loudness differences between the rising-and fallingintensity sounds used in our study.The difference in level between rising and falling sounds needed to obtain the same peak value of the Long Term Loudness (LTL)f or both signals wasu sed to estimate the asymmetry in dB. The predicted asymmetry was1.3 dB for WN, 2.1 dB for MT,1 .5 dB for RWNa nd PT.T he observed asymmetry wasq uite well explained by the model for the sound that does not elicit pitch (WN) whereas it wasunderestimated for the sounds that elicit pitch (RWN and PT). ForMT, the loudness model slightly overestimated the asymmetry.Our results are in agreement with those of Ries et al. [3] who found that LTLpredicted well the loudness asymmetry for white noise of 500 ms, and with those of Ponsot et al. [6] , who predicted an asymmetry of 1.24 dB for a1-kHz pure tone of 2sv arying between 55 and 70 dB, using the LTL model.
The long-term loudness is calculated from instantaneous loudness using twos tages of temporal integration. It models the overall loudness impression which is probably formed at ac entral levelo fthe auditory system. For the white noise, it seems that this model based on temporal integration is consistent with the behavioral data. However,for the repeated white noise and the 1-kHz pure tone the model underestimated the loudness asymmetry.O ur assumption is that the loudness asymmetry is increased by the sensation of pitch. McBeath and Neuhoff [11] showed that tones with continuous intensity change and constant frequencyw ere perceiveda sc hanging in pitch. When the intensity increased (respectively decreased), the pitch increased (respectively decreased). Moreover, the pitch change of rising-intensity sounds waslarger than the pitch change of falling-intensity sounds. The combined effect of loudness variation (due to intensity variation)a nd pitch variation (also due to intensity variation)might reinforce the loudness difference between sounds with rising and falling ramps. Thus, for RWNand PT the asymmetry would result from temporal integration of instantaneous loudness and ac ognitive mechanism due to the interaction between the dimensions of loudness and pitch. For MT,wecould emit the same hypothesis as for WN, butits peculiarity (several pitches)l eads us to remain cautious. It should also be noted that the difference between WN and RWNmight be due to the fact that WN has more energy in the lowf requencyr egion than RWN. The asymmetries were assessed with the same participants for the different sounds. This allows calculation of interindividual correlations between these conditions; significant correlations between conditions might indicate shared mechanisms [16, 17] ). Non-parametric correlations between the 6p ossible combinations (Kendall'st au)w ere all significant at p<0.05 (after Bonferonni correction with alpha = 6),except those with the MT condition. Thus subjects with greater asymmetries, e.g. for PT,a lso exhibited stronger asymmetries for WN and RWN. This might indicate that the mechanism(s) at the origin of the asymmetries for the white noise, the repeated white noise as well as the 1-kHz pure tone is (are)s hared (atleast partially), whereas other mechanism(s) might contribute to those observed for the multi-tonal sound, reinforcing its peculiarity.These assumptions could be tested in further studies in which the loudness asymmetry would be measured for sounds with parameterizable pitch strength (likeiterated rippled noises or pure tone in noise)a nd the correlation between pitch strength and loudness asymmetry would be assessed.
